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INTRODUenOU 

The wrk planned under this eontraet had three stated objectives; 

1, To corapare experimental results using ERTS-1 data with predict* 
tiona of analytical taodel^ for interaction of light with vege- 
tation. 

2, To determine the seasonal changes of the various crops and soils 
in Hidalgo County, Texas and discriminate them by means of 
reflectance measured from ERTS-1. 

3, To gain experience developing an operational system of satellite 
data analysis tailored to the needs of the U,S, Department of 
Agriculture, 

The objectives can be logically ^ouped into substudies In the follow- 
ing categories; 

1, Crop vigor and potential crop yield 

a. Relation to leaf area index (LAl) and to MSS signal strength 

b. Iron deficiency detection 

c» Crop vigor categories '^dthin crops and their relation to 
yield. 

2. Crop discrimination 

a. Cotton versus sorghum 

b. Among vegetables 

c. Optimum time of year to discriminate citrw 

d. Dominant rangeland plants 

e. Rangeland condition 
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3. Boil 

a. Bare versus cropped land 

■b, Ma^or soil types 

c» Bpeotral contrast between fleshly irrigated and nonlrrigated 
soil 

d. Spectrum of saline soil and distribution of salt“affected 
soil* 

The crop vigor and potential crop yield studies are based on 
laboratory and aircraft experience that resulted in an understanding 
of the interaction of light with vegetation and the subsequent definition 
of most \iseful wavelengths for Indicating physiological stress and for 
discriminating among crop genera. Analytical aedels were also produced 
relating reflectance to crop vigor and leaf area index. 

The second and third groups of studies are based on computer iden- 
tification procedures. Procedures developed using film optical densities 
and aircraft scanner data are being refined and applied to EETS-1 data. 


GROUro DATA COLLECTIOK 

Hidalgo Comity 8 Texas has been chosen as the base area from which 
data ai*e collected and analysed. The complete County was chosen as the 
base unit because this is the governmental unit by which agricultural 
census data are collected and summarised* and la the unit by which crop 
allotment and acreage restrictions are imsst coimonly administered. 

Because of the need for escbensive ground truth representative of 
the County to use as a basis for comparing the reliability and accuracy 
of the ERTS-1 data interpretations* statisticians of the Statistical 
Reporting Service* USDA* were asked to design a sound saapling procedure 
for the County that would allow a valid summary of data for the Comity 
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from the aaraple, Hidalgo Coxmty contains three major agricultural areas 
which rosy he designated as Northern » Central, and Southern. The Northern 
region is mainly pasture and rangeland with a little irrigated farming 
located around local water supplies. The Central region is practically 
all under irrigation. The cultivated land is generally broken into small 
fields, of typically Eiedium-textured terrace soils devoted to misted field 
and vegetable row-crops, citrus, and miscellaneous farm enteiTprises, The 
Southern region of Hidalgo County is generally fine-textured soil that is 
used extensively for winter vegetable production. The majority of land 
in the Southern region is irrigated. Urban and other non-agricultural 
areas are found mainly in the Central region. The urban areas are not 
included in the survey. 

The sampling procedure used was to divide the County into approxi- 
mately l60-acre segments and assign each segiflent a number. By the 
random start and increment method^ four interpenetrating samples of 
1+3 sepients each were selected. These were distributed through all 
three regions. Four more interpenetrating samples were selected, but 
only the segments located in the Southern region were designated 
sampling sites. These 25 additional segments in the Southern region 
were chosen because of the concentration of winter vegetables in the 
Southern region when few crops are growing in the other regions. A 
total of 19T saB^ling segments was chosen from the 3,92T segments 
listed for the County. The sampling area is thus approximately 4^ of 
the total area. 

Each of the 19T se@aents was located on a base aerial map of the 
County and assigned a unique number designation. Each field in each 
segment is being ground-truthed and each is numbered. Fields are, by 
definition, plots of land devoted to the same crop or use. The number 
of fields fluctuates slightly. The total number of fields being ground- 
truthed each satellite pass is approximately 1,400, 


After each sample segment has beeii visited, the field information 
is eoded by the technicien in charge of ground-truthing and recorded 
on 80-column computer punch cards. The data on the cotaputer cords are 
later edited and stored on magnetic tope for use in the analysis of 
the satellite data. A print-out of these tapes is given to the ground 
truth personnel. The magnetic tapes and computer cards ore stored in 
separate buildings to minimise the chances of data loss. 

Considerable information of agricultural importance can be e:ctraeted 
from these ground truth dataj however, the main reason for collecting 
such a coB^lete set of records is their iise as an independent data set 
to Judge the reliability and accuracy of the county-wide interpretation 
of ERTS-1 data. Such data also provide the training fields used in 
corigmteriaed recognition algoritlMs. The various steps in proeessiag 
computer compatible (CCT) BRTS-1 tapes at Weslaco are described in 
Appendix G of the Type II report for the period December 19 > 1972 a 
June 19, 1973, 


RESULTS 

Technique Development 
Satellite Band Ratio Procedure 

An BRTS satellite band-ratio procedure has been developed at 
Weslaco, Texas that enhances line printer gray maps for more efficient 
es^erlmental test site location. The ratio process was developed while 
looking for preprocessing techniq,ues that would iiiiprove crop and soil 
discrimination for the December l6, 1972, ERTS overpass using digital 
data from satellite CCT (one of the continuing research objectives 
listed in the Weslaco II Report; December 19, 1972 » "fco Jwne 19, 
1973) . 
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Using the three training categories vegetables, eitrus, end a 
eategory composed of iamature row crops, bare soil, weeds, and grasses 
(December l6, 19Y2, ERTS oves^ass} discriialnation results were eoi^iled 
for eill possible pairvri.se ratios of the h !©S ERTS bands. As can be 
seen in Table 1, the ratio of MSS (5/6) and MSS (5/T) each gave an overall 
correct recognition of 86.9^, Table 1 also shows that the hipest overall 
correct recognition among all It bands taken singly was band T at 
81.4^, Another Interesting aspect of the results from Table 1 is that the 
ratio of a visible band to an Infrared band yields relatively high 
recognition results (8l,7 to 86,9^ recognition) while a ratio of the two 
visible (V5) or the two infrared (6/7) bands yield relatively Im 
recognition results (7^.6 and 58*3^ recognition). These results support 
previous results (Type II Report; December 19, 1972, to June 19, 1973) that 
the visible ERTS bands h and 5 sad the infrared ERTS bands 6 and 7 
are spectrally interdependent. 


Table 1. Pattern recognition results from ERTS December 16, 1972, data 
for the three training categories vegetables, citrus, and a 
eategoiy composed of imiaature row crops, bare soil, weeds, and 
grasses. 


All possible 
pairwise ratios 
of ERTS bands 

Overall 

recognition 

results 

ERTS bands 
taken singly 

Overall 

recognition 

results 

4/5 

74.6 

4 

60,0 

4/6 

81.7 

5 

64,1 

4/7 

82,5 

6 

74.1 

5/6 

86.9 

7 

81.4 

5/T 

86,9 



6/7 

58.3 

- 



6 


From these restilta it appeared that the ratio of a visible band 
and an infrared ERTS band probably t?ould make a useful method of enhaneing 
BR’fS Beenes, Speeifieally, line printer gray naps using ERTS I-ISS ratios 5/^ 
or 5/T would be very useful for identification and location of ERTS experi- 
mental sites in the CCT, A eoBiparatlve study using the ERTS MSB (S/T) ratio 
was made ^/ith line printer gray maps such as Figs, 1# 2p and 3, These 
figures are gray maps of one typical escperitaental site (segment 51TT), The 
ratio range is determined by the mean plus and minus tv?o standard deviations 
of all data values encountered in the CCT. The gray map display is made up 
of 3 symbols that differ in amount of printer paper obscured per symbol. 
Figure 1 is a display of band 3 data values onlyj Fig, 2 is a display of 
band T data values onlyj and. Fig, 3 is a display of the 5/T ratio data 
values . 

The display of band 3 (Fig, l) shows good contrast in land features# 
but the river boundary cannot be discerned. Bond T (Fig. 2) shows the 
river boundary# but land features are not as distinct as in Fig, 1, The 
ratio of 5/T expresses the best of both bands# that is# the river boundary 
is distinct and the land features have good contrast. As a result of these 
comparative studies# gray maps using the MSS (5/T) ratio have been used to 
locate the 19T esiperiaental sites in the Weslaco ERTS investigations (Data 
Analysis Plan). Several sites that could not be located on single band 
gray maps have now been located and the boundaries of other tentatively 
located sites have been corrected# indicating the usefulness of this image 
display technique. 
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Figure 1, Five level line printer gray aap of segaient 517T using EHT3 
MSS band 5. December l6» 19T2j EKffS ovairpaBB. 
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Figure 3. Five level line printer gray aap of segment 51T? using ERXS 
MSS band ratio 5/T. December l6, 1972 » ERTS overpass* 
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fhree-Dlraensional Display of ERTS Data 

•Tuo aethoda have “been developed to preseiit ER1S MSB signal strengths 
in three diaenaionB. One method displays the points In a two-dimensional 
dr'awing representing the distribution three variables would take in three- 
dimensional space. The proportions and angle of perspeetlve a'"e adjusted 
to match the limits of a single page of computer printout. Both ends of 
a rectangular boK are drawn by the computer and the edge lines are indi- 
cated on the draidng. Data points are located within the box in proportion 
to their vector lengths along the Tj and Z axes. The vectors along the 
three axes can represent signal strength, ratios between signal strength, 
numerical differences between signals, variation from the mean signal 
strengt'' ^ or proportion of the total signal strength from each channel. 

Any ".ir* three asces can represent any of the desired variables. 

The data for the ground-truthed areas in Hidalgo County are grouped 
into categories that represent similar ground cover. For exas^ple, one 
grouping used 1st vegetables, citrus, forage, weeds, field crops, bare 
soil, harvested ■^'ields, and non-agrieulturol areas, A three-dimensional 
diagram can be generated from each category, or any coElslnation of cate- 
gories . 

The completed scatter diagram shows the relation between the three 
variables chosen. The center of the cluster of points for each eategos:^ 
is indicated by a distinctive symbol so the center of the various clusters 
can be coitipared with clusters formed by other categories. 

The other three-dimensional teehnig,ue is a cubic histogram in which 
the three edges of a cube are ratloed to three variables similar to the 
isometric drawing. The cubfe is divided into cells arranged in rows, 
colwis, and layers along the three a:ces. The number of data points 
falling into each cell within the cube is counted as the data are read by 
the computer. ‘When, all data points have been read, each layer of the cube 
is printed as a two-way histogram with the number of data points in each 
row and column shown for each layer. 
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Pall“Winter Crop Season 

The predieted acreage of the three most extensively planted vdnter 
vegetables in Hidalgo County, Texas, as of Deceiaber 11, 1973, xfere 
cabbage, 11,300 ± 725^*, carrot, 8,800 ± and, onion, 12,500 ± 6376 

acres. 

Betwen August 25 and December 11, 1973, the sample segments were 
ground~truthed seven times. 

Figure 4 shows that cabbage was the first of the three crops to be 
planted. Cabbage seedlings were observed first on August 25, while first 
onions were observed on October l8, 1973. 

The major portion of the cabbage was planted the latter part of 
October and the early part of November. By December 12, 1973, about 1500 
acres had been harvested at least once and lOOO acres had been harvested 
twice. 

The majority of the carrots were planted during the month of lovember. 
However, earliest fields were being harvested by December 11. 

Moat of the onions were also planted during November, Harvest will 
not occur until spring. 

The planting patterns in 1973 were affected by the weather. Rainfall 
at Weslaco totaled 7.4 inches in June and 10,22 inches in August. Hence, 
it was September or later before fields were dry enough to plant in many 
cases. 

ERTS-1 overpasses on December 11 and December 29, 1973, occurred under 
cloudless conditions so that ERTS-1 MSS CCT tapes should become available 
for studying the acreage of fall vegetables. 



CABBAGE CARROT ONION 


Figure H. Acreage estimate of three winter vegetables in Hidalgo County, 
Tejcas, from County sai^le segments observed on ERTS-1 overpass 
dates August 25 through December 11, 1973. 
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Detection of Iron-De fie lent Grain Sor^htM 

A study vas conducted to deteraine if multiapectral data from ERTS-1, 
could te used to detect differences in chlorophyll concentration between 
iron-deficient (chlorotic) and apparently normal (green) grain sorghvim 
( Borghwii •bicolor (L. ) Moench) plants in a 3^i0-aere (139 hectares) field. 
Channel 5 (0.5 to O.T ya) data were selected, representing the chlorophyll 
absorption bond at the 0.65 P® wavelength. Chlorotic sorghum areas 2.8 
acres (1,1 hectares) or larger in size were identified on a computer 
printout of channel five data. 5?his resolution is sufficient for prac- 
tical applications in detecting iron-deficient sorghum in otherwise 
uniform fields. The coiffplete manuscript for publication in Photogrammetrie 
Engineering describing this work is included as Appendisc A of this report. 
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VeiSetation Density Deduced frost ERTS"1 MSB EeBipo 4 Be 

Allen and Richardson ("interaction of light with a plant canops'’," 

J. Opt» Soe. Amer . 58s 1023-1028 , I 968 ) showed theoretically that 
reflectance froja plant canopies, aa aeasured fro» apace, in the 0.T5- 
to 1 , 35 -UHi wavelength interval could be used to predict leaf area 
index (mi) of vegetation. Since LAI is a well Imown indicator of 
plant matiirity and vigor, inferences based on space iiMigery shoiild 
be possible regarding the maturity and probable yield of crops, or 
the aniiaal-earrying capacity of rangeland. 

In this contract, the digital counts measured in ERTS-1 bands 
H, 5, 6 and 7 are being related to the LAI and other plant parameters 
such as plant height, plant population, end plant cover measured in 
h corn, 10 sorghum, and 10 cotton fields to test the relation between 
LAI measured in these selected fields and the predictions of the 
mathematical model, and to determine the extent to which the ERTS-1 
MSS digital counts are ejcplained by the plant parameters measured in 
ground-truthing . 

Work on developing an operational system has req,uired assessment of 
ways to differentiate among fields of the same crop that differ in 
amount of vegetative cover. It has been found that the ratio of band 
5 to band T (5/t) or band 7 minus band 5 (7-5) relates to differing 
cover conditions. This allows a given crop to be subdivided into 
narro^rer spectral categories depending on stage of maturity or vigor 
class, or conversely to estimate ground cover or green vegetation 
density from EHTS-1 bands 5 and 7 dn absence of ground information. 

The paper presented at the Third ERTS Syji^osiua in Washington, Dee, 
10=l4, 1973, is included as Appendix B of this report. 
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Detection of Dry Plant Debris and Dead Vegetation 

A Beekraan model DK«2A spectrophotometer j eq.uipped with a refleetonce 
attachment j was used to measure the reflectance over the 0*5“ to 2.5-WSi 
wavelength interval of d^y avocado, citrus, corn, cotton, grain sorghum, 
and sugarcane leaves and the reflectance of respective soils on which the 
dry leaves were lying, ^he largest reflectance difference between dry 
leaves and soil and the corresponding wavelength for each crop were 
avocado, 15*7^» 1.05 psas citrus, 15. 0.95 ym* corn, 2h,5^, 1.3 yaj 
cotton, iB.l^, 0.9 yiaj grain sorghum, 22.1^5, 0.95 Uaj and sugarcane, 

19.2j^« 1.9 ym. With the exception of sugarcane, the largest reflectance 
differences between dry leaves and soils for the crops occurred on the 
near^infrared plateau over the 0.75- to 1.35“yia wavelength interval. 

The largest reflectance difference for sugarcane on the near-infrared pla- 
teau was 18.T^ at the 0.65 ym wavelength. 

These resiilts suggest that the differences in reflectance between dry 
crop debris on the soil surface and the soil itself night be large enough 
in certain wavelengths to detect the difference in satellite data. 

A quick cheek was run on this possibility using data from the December 
l6, 1972, EHTS-1 COT. The data were selected from among fields that differed 
in percent dry plant debris at the time of the satellite overpass. 

The reflectance data from ffiS channel 6 were plotted against percent 
dry plant debris cover. The plotted data points formed a line that had aero 
slope, VJhen the data from MSS channel 5 was ratioed to the data from 
channel 6 the data points formed a line with at most a 2® slope. 

These preliminary results suggest that discrimination between plant 
debris and bare soil using EHTS-1 MSS data needs further study. Such a 
stu^ is in progress even though the wavelengths available on EKTS-1 ore 
not the most appropriate ones, as indicated by the laboratory reflectance 
data cited. Dry vegetation is also of interest in estimating 'td.nter range 
conditions, especially where ranchers depend on the dry forage to overwinter 
their stock. Sugarcane and other agricultural crops are also susceptible 
to damage or destruction by freezing tei^eratures . Thus freeze damage 
assessment, along with the other applications mentioned, are worthy uses 
of data Involving spectra of dry vegetation. 
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The gray sandy loam range sites represented hy segments 1022 and 206$ 
are mixed brush sites associated with Brennan » McAllen, and Pharr fine 
sandy loam soils. The brush is thick and It is composed of a large variety 
of woody species. The wood^ cover for this site is 50“55/^* Major woody 
species here are Geniao ( Leueophylldm frutescens (Berl. ) l.M. Johnst,), 
mesq.ulte, granjeno, resin-bush ( Vlgulera stenoloba Blake,), blue salvia 
( Salvia ballot ae flora Benth, ) , and blaekbrush ( Acacia rlrJdula Benth, ) , 

This site is very productive and supports a large variety of native grasses 
and forbs with uniform plant cover; little bare ground is visible. 

The red sandy loom range site typified by segments 1003 and Hl32 is a 
mixed brush site associated with Delwita-Bondedo soils. It is best 
described as rather open with mostly low brush species except for occasional 
large mesquite trees. The percentage of woody cover is 2^%, Dominant 
woody species are mesquite, blaekbrush, lime prickly ash ( Zanthoasylum fagara 
Sarg. ), and bluewood condalia ( Condalia hookerl M, D. Johnst,), This site 
is only fair to moderate in productivity and has many bare areas between 
plant ground cover. It supports a variety of native grasses and forbs. 

Figure 5 depicts the average raw digital counts for h different range 
sites on 3 different ERTS-1 overpass dates. The figure depicts only one 
set of data for each range site; however, more than one set of data vms 
esctracted for each from the CGT, and they were in close agreement. 

The data for channels 4 and 7 were closely grouped within channels 
for all dates suggesting range sites differ little in these 2 bands. Data 
in channels 5 and 6 varied more within channel and may contain useable 
information. 

The red sandy loam range site had the highest reflectance on all dates. 
This high reflectance could be caused by low vegetative cover. The gray 
sandy loam range site had the lowest reflectance on all dates. The low 
reflectance agrees with its high percent woody cover causing a large 
percent of ground shadow; shadow areas have low reflectance. 


4 5 6 7 


4 5 6 7 

BANDS 


4 6 6 7 


Figure 5 


Digital counts in the 1+ ERTS-1 !<!SS hands for range sites 
on 3 dates (overpasses), ^ Scene I.De*s are Il46-l6323, 
1182-16322, and 1308-16323 in chronological order. 
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The deep soiid site and the buffelgraes site had similar apeetral 
aignaturea, A large amount of herhaoeoua grourud cover {graseeo and forbe) 
la coMiion to both sites. 

The digital counts for channel 5 we closer to those for channels and 
6 on the January 21, 1973, overpass than they are on the December l6, 1972, 
overpass, A hard freeze occurred between December l6, 1972, and Januaiy 21, 
1973 » causing moat of the vegetation to be defoliated. The loss of the 
leaves eliminated chlorophyll absorptanee in channel 5 (red light) and 
reduced near^infrared light reflectance in channel 6. The net effect 
appears to have been a reduction in the band 6 response in January GOiii>ared 
with December. 

The higher overall reflectance values for the May 27, 1973, data is 
probably due to sun angle (higher incident solar energy) and seasonal 
vegetation production differences. In May 1973 the rangelands had iaanimua 
green biomass due to ample antecedent rainfall. 


SAnuItaneoUBly Aggulred Aircraft and EBfB-*,. MSS Data 


Multispectral seoisner (MSB) data Bitnulttujeoualy collected “by the tIASA 
gl<-channel MSB (flown at 10,000 feet, 3.0^i8 to) and "by Barth Beaources 
Teshnolo©?’ Satellite (ERTS-l) on January 21, IPTS* were used to compare 
crop recognition resulwa and acreage eetiaates using the two data sources. 

Optimum channel selection prograjtis selected aircraft channels 3, 
and 8 (0,H66=0.l49^ pra, 0. 5B8-0.61*3 UBj uiid 0,T70-0.8l0 pa, respectively) 
and spacecraft channels It, 5, ®ad T (0.5-0.6 p, 0,6«0.7 P, Q.8-1, 1 p, 
respectively) as the best channels for distinguishing among five vegetal 
categories: carrot, cabbage, onion, broccoli, and jaixed shrubs, Corre« 
lations among aircraft, spacecraft, and ground truth (plant cover, maturity, 
height, and condition) data indicated a closer relation between aircraft 
and spacecraft MSS data than between f4SS data and ground truth. The air- 
craft MSS data were slightly better related to ground truth data than 
spacecraft MSS data. The overall recognition performance using a maxi- 
m\im likelihood classifier on the data for 9^ agricultural test fields was 
low for both aircraft and spacecraft data (6l,0 and 62 . 8 ^, respectively), 
but indi.vldual field classifications agreed closely between aircraft and 
EETS-1 data sources. The main difficulty was that crop fields that had 
low vegetative cover were misclassified as bare soil, the category they 
are spectrally most like. Recognition maps and acreage estimates for 
both aircraft and spacecraft data, of one aircraft flight line (6l,6 
square kilometers) indicated that agricultural surveys using spacecraft 
data are comparable in reliability to aircraft surveys, 

A comprehensive summary of this work is presented in Appendix G. 
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PR0GRAI4 FOR THE REMAINING CONTRACT PERIOD 

Activities for the remaining eontraet period will Inelude.' 

1. Btudy the dlfferenee In spectral signatures between lying plant 
debris and bare soils and the effect of dry standing vegetation 
on estimations of rangeland green biomass. 

2. Study ground data and spectral signatures in the rangeland 
part of the County and produce technical articles on ranges 
land resources of the County including extent, vegetation compo- 
sition, and discriminablllty end mapabllity of major range sites 
using ERTS-1 data. 

3. Improve training sample signature selection through the use of 
the band 5 bo band T ratio and incorporate this, scene stratifi- 
cation, and other procedures into improved BRTS data processing 
procedures. 

H. Locate test segments end individual fields in May 27 overpass CCT, 
determine recognition results on both this and the January 21, 

1973, overpass for each of the approximatelij'’ l40D fields on which 
detailed ground truth is available. Determine effects field 
siae, surface moisture conditions, row direction, and other 
variables have on classification results. 

5. Produce County-wide estimates of acreages devoted to various major 
crops and land uses from January 21 and May 27, 1973, overpasses. 
Compare acreages with those determined from the ground truth statis- 
tical estimate for the County, Also, eoapare estimates obtained 
using a single training set for the whole County with cosaposite 
estimates obtained using training signatiires representative of 
southern, central, and northern subsections of the County, 


Prepare masiussripfco eji characterlotic field oizea* land useu 
aereages in various erops, erop ealendara, farmable versus 

ription ---- - 

d consi 

ERTS-1 investigation 


and various ground truths to Identify the most sieoningful 


CCT digital counts 


deriving coefficients in the .model from the EHl’S dig'“;al data 
and on sun angle mid saeasured ploijt parasaeter effects on 
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USE OF BRTS-1 TO DETECT IRON^DEFICIEHT 
GRAIN SORGHUM 


H. W. Gauswan, A. H. Gerborniaim , and C, L. Wiagand 


Agricultural Research Service 
U . S . Department of Agriculture 
Weslaco, Texas 


ABSTRACT 

This study was conducted to determine if Multispect’^al data from 
ERTS-1 could be used to detect differences in chlorophyll concentration 
between iron -deficient (chlorotic) and normal (green) grain sorghum 
(Sorghum bisolor (L.) Moench) plants. Band five (0,6 to 0.7 pm) data 
v;ere selected’, representing the chlorophyll absorption band at the 
0,65-ym wavelength. Chlorotic sorghum areas 2,8 acres (1.1 hectare) or 
larger in size were identified on a computer printout of band five data. 
Thin resolution is sufficient for practical applications in detecting 
iron-deficient sorghum in otherwise homogenous fields , 


Grain sorghum (Sorghum bicolor (E.) Moench) is one of the annual 
crops most sensitive’ to' irorTHeHclency (Krantz and Melstedj 1964- ). 

The deficiency symptom is easily identified; leaves are yellow with 
dark -green veins (Amador ^ s 1970). The interveinal chlorosis 
(striping) extends the full len^h of the blades. When iron deficiency 
(chlorosis) is very severe, plants become white, stunted, and die. 

-The iron chlorosis problem is coimiion whenever sorghum is grown on 
alkaline soils (Gauoh, 1972). Because sorghum is a drought tolerant 
plant and soils of most seraxarid and sub-humid regions are alkaline, 
iron chlorosis occurs throughout the world. 

Chlorotic areas in sorghum fields are easily detected on aerial 
photographs taken from aircraft (Gausraan e^al,, 1974). This imagery 
is useful to identify sorghum areas that requTre foliar applications 
of iron (Krantz et al., 1962) to attain maximum production and to 
survey large areas to determine the acreage of iron-deficient sorghum. 

This study was conducted to determine if multispectral data from 
an orbiting sateJlite (ERTS-1) could be used to detect differences in 
chlorophyll concentration between iron-deficient (chlorotic) and 
apparently normal (green) grain sorghum plants. 
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MATERIALS AMD METHODS 

A 340=acra (138 hectares) comraercial grain sorghum (Sorghum bicolor 
(L.) Moench) field ms selected at Faysville , Texas that containeH^" ~ 
areas of normal and iron-deficient (chlorotic) plants. Chlorotic areas 
ranged in si^e from a vary small fraction of an acre to 21 acres 
(8.5 hectares ) , 

Multispectral scanner data used were from an ERTS-1 overpass of the 
Faysville area on May 27, 1973, at 1130 central DST, during cloudless 
and haae-free conditions , At this time , the grain sorghum was in the 
early heading stage. The iron deficiency was moderately severe — 
essentially all leaves of affected plants were yellow, but stunting 
was not evident. 

On May 25, two days prior to the ERTS-1 overpass, plauits in the 
largest chlorotic area and in the normal area (Plate 1) were saifipled 
for total chlorophyll analysis (Horwitg, 1965), Within each area, a 
typical plant was selected every 60 feet (18,3 meters) until 10 plants 
had been sampled; a top leaf was excised from each plant. Leaf samples 
were placed on ice immediately and transported to the laboratory where 
they were stored in a freezer at -15®C overnight. All samples were 
analyzed for total chlorophyll on May 26. 

Also on Hay 25, a ground based, Exotech Model 20 Spectroradiometer^ 
described by Learner et (1973) was used to measure reflected rac’ia- 
tion from chlorotic and normal plant canopies in the field over the 
0.4- to 0.74-jim wavelength interval. Measurements were made 20 feet 
(6,1 meters) above the plants, with a 15° field of view, Spectroradi- 
ometric ineasurements were wade to aid in interpreting ERTS-1 multispec- 
tral scanner imagery. 

The sorghmi field was aerially photographed by exposing Kodak 
Aerochrome infrared film 2443 at f8 for 1/500 see at an altitude of 
6,000 feet (1,830 meters) during cloueless and medium-haze conditions 
on May 30, 1973, at 1142 central DST. A Hasselblad 500 EL camera was 
used equipped with a 120 -ram lens and Hasselblad coTitbination 2X CB6 and 
4X 0 rilters. 


Mention of company or trademark is for the readers' benefit and does 
not constitute endorsement of a particular product by the U.S. 
Department of Agriculture over others that may be comraercially 
available . 
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Computer printouts (gpay iiaps) were obtained from ERTS-1 magnetic 
tape; symbols viere used to represent increments of digital counts (see 
Plate 1 caption or explanation of symbols ) . Chlorotic areas on com- 
puter printouts for bands 4 (0.5 to 0.6 Um), 5 (0.6 to 0.7 Um)* 6 (0.7 
to 0.0 pm ^5 and 7 (0.8 to 1.1 pm) were identified by comparing the 
printouts with aerial photographs. 

Chlorotic areas on photographs were planimeterfsd to determine the 
smallest acreage that could be identified on the printouts. 

To test the statistical significance of mean differences between 
ERTS-1 digital counts of the normal area and the largest chlorotic 
area (Plate 1), 15 resolution eleisients were randouily selected from 
printouts of each area for each of bands 4 , 5 , 6 , and 7 , and the 
unpaired t test was applied for each band (Snedecor, 1965), 

RESULTS MD DISCUSSION 

There was a statistically significant (p = 0.01) difference between 
mean total chlorophyll concentrations of chlorotic (iron deficient) and 
apparently normal green sorghum plants. Chlorophyll concentrations in 
leaves were 9.4 ± l.OS (standard deviation) and 0,4 ± 0.15 mg/g of 
plant tissue on a dry weight basis for normal and chlorotic plants, 
respectively. 

Chlorophyll concentrations of chlorotic and normal plants signifi- 
cantly (p = 0.01) affected reflectance measurements made in the field 
with a spectroradiometer (Fig, 1), Reflectance was 9.4, 27.7, and 
26,3 percent higher for chlorotic than for normal plant canopies at the 
0.45-ym (chlorophyll absorption band), 0.55-um (green reflectance peak), 
and 0,65-pm (chlorophyll absorption band) wavelengths, respectively. 
These reflectance differences were caused by the chlorophyll concentra- 
tions because dilorotic and normal plants had the same soil background, 
and their size and geometry were essentially the same. 

The upper oblique photo in Plate 1 is a positive print of an infra- 
red transparency that readily shows the color difference between chlo- 
rotic and normal areas; chlorotic areas appear white, and normal areas 
appear magenta. Oblique photographs delineated chlorotic areas better 
than overhead photographs. The lower photo in Plate 1 depicts the com- 
puter printout for band 5 (6 to 7 ym). Although there was a statisti- 
cally significant (p = O.oi) difference in mean digital counts between 
the normal area ard the largest chlorotic area for all bands (4, 5, 6, 
and 7), band 5 was selected because it contains the chlorophyll absorp- 
tion band at the 0,65-yt? wavelength; differences in mean digital counts 
were 5,3, 7,7, 7,2, and 2,4 for bands 4, 5, 6, and 7, respectively. 
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A cowparison of encircled areas in the lov^er photo of Plate 1 v;ith 
the chlorotic areas in the upper photo shows that most of the chlorotic 
areas can be identified on the computer printout of the ERTS-1 band 5 
data. Chlorotic areas on the printout have higher digital counts 
(higher reflectance) than normal areas (see Plate 1 caption for expla- 
nation of symbols). This occurred because chlorotic plants had less 
chlorophyll than normal plants, and therefore, chlorotic plants absorbed 
less radiation than normal plants at the 0,55-pm chlorophyll absorption 
band. 

Chlorotic areas were planimetered on photographs, and their size 
was calculated. From these results it was determined that chlorotic 
areas 2,8 acres (1.1 hectare) or larger in size could be identified on 
the band 5 printout in Plate 1, This resolution makes practical appli- 
cations feasible. For example, ERTS-1 multispectral data could be used 
to detect chlorotic grain sorghum growing on alkaline soils throughout 
the world. 

Results show that ERTS-1 multispectral data detected differences in 
chlorophyll concentration between chlorotic and apparently normal sor** 
ghum plants. Chlorotic areas 2,8 acres (1,1 hectare) or larger in size 
were identified. This resolution is sufficient for practical applica- 
tions in detecting iron-deficient sorghum in otherwise homogenous fields , 
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Figwe 1. Heflectance of normal and clilorotic grain sor^um canopies 
Measured in the field with a spectroradiometer at the O.H- 
to wavelength interval. 
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Plate 1. Upper photo is a positive print of an infrared transparency 
shoving areas of white-appearing chlorotic sor^um and 
magenta-appearing normal (N) sor^um. Lower photo is a 
printout of ERTS-1 band ^ data; chlorotic areas corresponding 
to those in the upper photo are encircled. Digital counts 
corresponding to the printout symbols are: 

$ - 30 to 33, # • 33 to 36, ♦ - 36 to 39, / « 39 to i»2, 

- ■ U2 to i»5, and blank ■ > 1*5. 
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ABSTRACT 


Reflectance from vegetation increases with increasing vegetation 
density in the 0,75- to 1.35-ym wavelength interval. Therefore, 
ERTS-1 bands 6 (0.7 to 0.8 pm) and 7 ( 0.8 to 1.1 pm) contain 
inforfiiation that should relate to the probable yield of crops and 
the animal carrying capacity of rangeland. On the other hand, 
reflectance from vegetation is typically less from vegetation than 
from bare soil and is essentially constant in the visible vfavelengths 
as vegetation density increases | consequently, the decreased response 
observed in ERTS bands 4 (0,5 to 0.6 pm) and 5 (0,6 to 0.7 pm) as 
vegetation increases is mainly caused by vegetation obscuring soil 
reflectance. The ratio of band 5 to band 7 (5/7) or band 7 minus 
band 5 (7-5) are, in addition to bands 6 and 7, practical indica- 
tors of vegetative cover and density for users of ERTS-1 data. 

The f^esults of an experiment designed specifically to test the 
relations among leaf area index (LAI), plant population, plant 
cover and plant height, and the ERTS-1 MSS responses for 3 corn, 

10 sorghum, and 10 cotton fields are also given. Because of clouds, 
only one ERTS-1 pass (May 27, scene 1308-16323) yielded MSS data 
and that for only bands 4, 5, and 6, The coefficient for the 
linear correlation between LAI and band 6 digital counts was 
0,823** for the 10 cotton fields and 0,841** for the coiiblned 
sorghujD and corn fields, The correlation coefficient between LAI 
and band 6 minus band S digital counts was 0,888** for cotton 
fields and 0.768** for the corn and sorghum fields. The four 
plant parameters explained 87 to 93% of the variability in the 
band 6 digital counts and from 59 to 90% of the variation In 
bands 4 and 5, Plant population was as useful as LAI for char- 
acterising the sorghum and corn fields, and plant height was as 
good as LAI for characterising cotton fields. These findings 
generally support the Utility of ERTS-1 data for explaining var- 
iability in green biomass, harvestable forage and other indica- 
tors of productivity. 
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INTRODUCTION 

The earth’s vegetation is one of its most valuable resources. Plants 
are the traceable source of most of the food and fiber needed by humans 
and other animals* and past generations of plants provide the energy 
reserves of coal and petroleum that concern us today. Plants are also 
intimately involved in the hydrologis and energy balances of the earth. 

Net assimilation* or dry matter production* by vegetation is related to 
the number and photosynthetic area of leaves. Fortunately* the spectral 
response observed when viewing vegetation from space is dominated by the 
leaves. Thus the spectral response of vegetation in the ERTS^l data is 
worth examining in terms of vegetation cover, vegetation density, and 
other productivity indicators of range, forest, and crop land. 

Agriculturalists, foresters, and range scientists use various parameters 
to indicate the vegetation density or potential productivity of vegeta- 
tion. Foresters use tree girth, crovm diameter, tree height, leaf area 
index, and timber volume. Range scientists use harvestable forage and 
animal carrying capacity (acres or hectares required to maintain an ani- 
mal year round). Ecologists use estimates of biomass. Agriculturalists 
use leaf area index (LAI), percent ground cover, plant height, plant pop- 
ulation per unit ground area, and other measures of vegetation condi- 
tions , 

The purposes of this paper are (a) to point out the information avail- 
able to ERTS users about vegetative cover and density in the ERTS-1 
multispectral scanner (MSS) data and (b) to report data relating the MSS 
response to leaf area index (LAI), plant population, ground cover, and 
plant height. 


literature REVIEW 

ERTS-1 bands 4, S, anvi 7 col^r composites yield images with color tones 
similar to those of color infrared photographic film. Thomas et al, 
(1966, 1967) and Stanhill et al. (1973), respectively, have shown that 
light reflectance from cotton and vjheat fields is strongly affected by 
the amount of plant material or percent ground covered by the vegeta- 
tion, In their studies, light transmission of color infrared film 
accounted for 75 and 49% of the variation in cotton lint and wheat grain 
yields, respectively. 

Von Steen, Learner, and Gerbentiann (1969) found statistically significant 
correlations among preharvast yield indicators (open bolls, number of 
plants, percent ground cover, plant height, weight plant material per 
plot) and optical density of aerial infeared film for cotton, grain sor- 
ghum, carrots, cabbage, and onions. 
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Stoner, Baumgardner, and Cipra (1972) related the LAI of corn to the 
ratio of visible and reflective infrared channels of aircraft optical 
mechanical scanner data on two flight dates in July. The cotnbined MSS 
date for the two flight dates yielded a coefficient of determination, 

R^, of 0,968 between LAI, that ranged from 0 to 4, and the ratio of two 
MSS channels (1.0 - 1.4 pm/0.61 - 0.70 ym). 

Pearson and Miller (1972) developed and tasted both a two-channel ratio- 
ing technique and a multispectral pattern recognition technique to com- 
pare spectral biomass estimates of grassland vfith biomass values taken 
from clipped plots. Biomass estimates were made with an accuracy 
greater than 95% vdth a two-channel spectral ratio method using a small 
hand-held radiometer. Eighty to 90% of the variation in biomass values 
taken from clipped plots along a flight line could be explained by the 
airborne MSS data over the same area. Kanemasu (In Press) found that 
the ratio of reflectances at 0.S45 and 0.655 closely followed crop growth 
and development and concluded that it was a good indicator of soil 
exposure and crop maturity. 

A number of practical applications of the ERTS-1 data to determining 
vegetation types and amounts, or seasonal effects were previously 
reported (Freden, Mercanti, and Becker, 1973). Fer example, Carneggie 
and DeGloria (1973) obtained information from the ERTS-1 scenes of 
California on the distribution, yield, condition and availability of 
forage. Seevers and Drew (1973) identified gross differences in forage 
density and range condition within given range sites in the sand hills 
of Nebraska. Heath and Parker (1973) used computer-aided interpreta- 
tions to classify timber stands and range plants in the Houston area, 
Dethier (1973) reported that the brown wave (fall vegetation senescence) 
could be readily detected in the Appalachian and Mississippi Valley 
corridors and suggested that specific phonological events such as crop 
maturity and leaf fall could be mapped for specific sites and possibly 
entire regions from the ERTS-1 data. 


PRINCIPLES 

The wavelengths of light that are effective for photosynthesis cover the 
interval from 0.4 to 0,7 pa. Bands 4, 5, 6 and 7 of the ERTS-1 MSS 
correspond to the spectral intervals 0.5 to 0.6, 0,6 to 0.7, 0.7 to 0.8, 
and 0.8 to 1.1 pn, respectively. Laboratory data on the spectral 
reflectance of leaves in terms of the number of leaf layers is given in 
Fig. 1, taken from Allen and Richardson (1968), except that the ERTS-1 
MSS bands have been superimposed. Notice that in the 0.75- to l.SS-ym 
interval, the reflectance of vegetation is very high and that the 
signal strength increases as the number of leaf layers, or the vegeta- 
tion density, increases. This finding indicates that ERTS-1 band 7 
responses, and to a lesser extent band 6 responses, should clearly 
indicate differences in vegetation density. 


There is a one-to-one correspondence between yield and vegetation 
density of crops grovm for hay or forage. For plants grown for thair 
seed, -fruit 5 roots » or fibers there is usually a close correlation 
betvwen potential production and plant vigor. Axiomatic ally, healthy 
non-streseed plants develop larger and more dense canopies and yield 
better than those growing under suboptinial conditions. 

The ERTS-1 responses can be related to the stage of crop development. 
Spectral crop calendars useful in temporal analyses are possible 
(Steiner, 1970*, Lauer, 1971). The BRTS-1 responses can also be directly 
related to percent ground cover, plant height or other crop parameters 
that are correlated with reflectance. 

Figure 1 also shows that in the interval 0.5 to 0.75 pm, the reflectance 
from vegetation is virtually the same regardless of the number of layers 
of leaves in the plant canopy. The implication here is that the photo- 
synthetic potential of green plants can not be deduced directly f^om the 
photosynthetically active wavelengths. Physiological disturbances in 
plants that decrease chlorophyll content may be detectable, compared with 
healthy plants, because chlorophyll is a strong absorber of visible 
light. Thus, the BRTS-l bands 4, 5, and 6 are valuable to help identify 
deviations from healthy plants. Plants with physiological disturbances 
are less vigorous than healthy plants as manifested by fewer leaves or 
foliar discoloration (Wiegand, Gausman, and Allen, 1972). The inforiija- 
tion about plant density inferred from the reflective infrared bands 6 
and 7 and the information about plant pigmentation obtained from bands 4 
and 5 complement each other. 

In ERTS-1 bands 6 and 7, the observed reflectance of the soil background 
is usually less than that of vegetation whereas in bands 4 and 5 it is 
typically greater than that of vegetation. Therefore, in ERTS-1 band 4 
and 5 wavelengths, the soil background dominates the signal up to a 
fairly high vegetative cover. 

Because the ERTS-1 MSS signals recorded for variable ground cover condi- 
tions (vegetation density conditions) are a mixed signal for soil and 
vegetation, the ratio of band 5 to band 7 (5/7) or band 7 minus band S 
(7-S) are practical indicators of vegetative cover and density for users 
of ERTS-1 data. The decreased radiance observed in ERTS-1 bands 4 (0,5 
to 0.8 ym) and 5 (O.B to 0.7 ym) as vegetation density increases is 
mainly caused by the increasing amount of soil obscured by the vegeta- 
tion. 

Vegetation density is also dependant on stage of the growing season, or 
time of the year. Deciduous trees shed their leaves in fall but conifers 
retain theirs. Thus the two are best contrasted when the deciduous trees 
are dormant. The progress of the vernal advance (green wave) and fall 
senescence (brown wave) can be assessed for natural stands of plants and 
cultivated perennials. Development of annual crops can also be moni- 
tored and be interpreted in relation to major weather events such as 
freezes, drought, and rainfall distribution. 
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Figure 2 presents the observed radiometric response of the HSS bands 4, 

5, and 6 for one corn and tv-jo sorghura fields in ERTS-1 scene 1308-16323 
that had ground cover of 55, 90, and 90% and LAI of 2t46, 4.08, and 6,92. 
Also shown is the spectrum for bare soil (Mercedes clay). The radiances 
(Potter > 1972 j conversion factors from digital counts to radiances are 
.19528, .15748, .13858, and .24286 for bands 4, S, 6, and 7, respectively) 
decrease in bands 4 and 5 with increasing vegetation density, expressed as 
LAI, or with the increasing amount of soil obscured by the plants. The 
radiances in band 6 are in the order of LAI. The missing band 7 radiances 
should be about the same or slightly higher than those for band 6, but 
unlike band 6 they should be pure reflective infrared responses and not a 
mixture of visible and reflective infrared signals. The band 6 radiances 
do yield spectra similar in shape to the data for stacked leaves measured 
with a laboratoxy spectrophotometer given in Fig. 1. The radiance values 
for bare soil were obtained from a bare field close to the grain sorghum 
fields in the ERTS^l scene. Compared with other ERTS-1 scenes, the radi- 
ance in band 6 is high for the particular bare field represented in 
Fig. 2. 


THEORY 

Allen and Richardson (1968) applied the Kubelka-Munk theory to reflec- 
tance of light by plant canopies and produced the equation 


LAI 


1 , (a-R)(l-aRg) 

2 In b Ta^-Rgiri^aRT 
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for predicting leaf area index (LAI) of plant canopies from their reflec- 
tanee measured remotely. The equation applies over the reflective in^a- 
red plateau wavelength interval, 0,75 to 1,35 pm. In eq, Cl!l# R is the 
canopy reflectance, Rg ia the reflectance of the soil background, and a 
and b are optical constants that have been determined for many plants 
(Gausman and Allen, 1973 j Allen, Gausman, Richardson, and Wiegand, 1970 j 
Gausman et al. , 1973), 

A completely different total reflectance model in terms of fractional 
plant cover can be expressed by 


Rj = f Rc t (1-f) Rg 


[23 


wherein lu is total reflectance, Rc is vegetation canopy reflectance, Rg 
is soil badcground reflectance., and £ is an indicator of plant density, 
such as, percent ground cover, LAI, or plant height. 
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Upon eeawanglng eq [2], 

® Kg + (Rc“Rg)f. 


[ 3 ] 


Comparing eq. [33 with the standard linear regression raodel 

RT 5 f [4] 

it is seen that 

Rg s Eg, the reflectance intercept when f = o, and 

(Rc“Rg) s a, so that Re “ a + a, . 

1 ox 


Rc is the reflectance characteristic of the crop or plant community che 
data are from. If f is expressed in LAI 5 then it is the reflectance of 
the canopy with a leaf area index of unity, If in percent ground cover, 
it is the reflectance of the canopy when ground cover is 1^. In the 
ERTS-1 MSS signals, R»f is a mixed signal for the vegetation and soil back- 
ground. The sisiiplified rondel presented enables one to estimate Rg, and 
the regression coefficient (Rc-Rg) identifies the rate of change of reflec- 
tance per unit change in f. 

As shown in Fig. 1 and discussed by Wiegand et al. (1971), the refleotanca 
of vegetation in the visible region (ERTS-1 bands 4 and 5) is virtually 
the same for leaves one layer deep or stacked in enough layers to insure 
infinite reflectance, (Allen and Richardson, 1968), and usually lower 
than that of soil. Thus Rx should be virtually constant for vegetation 
once the soil is obscured, and (Rc-Rg) in eq, [3] should be small and 
negative. In the reflective infrared, however, '% should increase as the 
vegetation density increases up to a LAI corresponding to 1^, requiring 
that (Rc-Rg) be positive. 

% and Ro are expressed in the ERTS-1 MSS signal by the digital counts of 
the system- corrected digital tapes, by the data expressed as radiance 
(Potter, 1972), or as a normalized response relative to the digital count 
maximum (127 for band': S, and 6 and 63 for band 7) for each band. 

Calibration of the MSS data directly in terras of reflectance needed for 
eq, [1] is not available to the authors. 

In practice ERTS-1 data users will want to express the MSS responses in 
terras of quantities that are highly correlated with reflectance- -dry 
matter production, biomass, LAI, percent ground cover, e.g. Once the 
relation is calibrated for a particular crop, plant community, or eco- 
system of interest, the ERTS-1 data should be expressible directly in the 
productivity estimator of interest to the user. Atmospheric conditions 
that vary from one ERTS-1 pass to another should shift the data along the 
ajses for any one band, but should not greatly affect the relative posi- 
tion of the data points to each other. If differences between two bands 
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at»e used, such as band 1 ainus band S, atraospherlc interference effects 
are reduced possibly permitting pooling ©f data from multiple ERTS-1 
passes for analysis. A ratio of responses in bands both in the visible, 
as 4/5, or both mainly in the infrared, as 6/7, should minimize atmos- 
pheric interference effects in the absence of random noise since both 
numerator and denominator would be similarly affected by atmospheric 
attenuation. 


IffiTHODS 

Data being presented in this paper arise from tv;o different sources. 

One source is the ground truth that has been taken to support the ERTB-l 
analysis effort for one whole county. It was taken to (a) have well- 
doeufiientcd fields to judge the accuracy of ERTS-l classification results 
again?' (b) provide statistical estiiinates of the acreages devoted to 
various crops to compare with ERTS-1 estimates, and (c) help establish 
what ground truths are meaningful in terras of the ERTS-1 spectral data. 

The data consist of observations of the soil surface condition, species, 
plant height, percent ground cover by the crop and by weeds, stage of 
plant maturity, and observations on the general condition of the crop, and 
stresses in four interpenetrating samples located throughout the county* 
Almost 1500 fields are involved. 

The other source of data is an experiment conducted in the spring of 
1973 specifically to determine the leaf area index (LAI) of 3 corn, 

10 grain sorghum, and 10 cotton fields selected from the 1500 fields to 
have a range in planting dates, hence crop maturity, over several ERTS 
passes. The overall purpose was to test eq. [1] using the ERTS-1 data. 

Ten average-sized plants vjere cut off at ground level at each of eight 
sites in each field, the leaves were removed, and the area of each leaf 
was determined using a photoelectric planimeter. The area of the leaves 
was cumulated for each plant and sampling site and expressed as the ratio 
of area of the leaves to the ground area occupied by the plants. This 
ratio is by definition, LAI, 

The number of plants per 10 ra segments of row was determined on four 
adjacent rows at each of eight locations in each field to establish the 
plant population and hence the LAI characteristic of each field. The LAI 
detersiiination was to be repeated each 2 weeks in each field between April 
and June to insure data near ERTS-1 overpasses. However, the large man- 
power requirement for LAI determinations and heavy rainfall prevented 
maintenance of the schedule. 

The procedure used to determine the percent of ground covered by the plant 
canopies differed depending Upon whether the crop plants produced a solid 
canopy (bare soil exposed only in the inter-row area) or an open eanopy 
(bare soil visible through the canopy as well as in the inter-row area). 
For the solid canopy crops, such as cotton and thick stands of corn and 
sorghum, the bare soil width (BW) and row spacing (RS) were measured. By 
definition, BW is the width of the bare soil showing bs'tween the leaf 
canopies of adjacent crop rows, and RS is the average spacing between crop 
rows. For the solid canopy the percent crop cover is calculated from 
these measurements using 


100 s percent coven* 
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vjhere RS and BW are measured in cm. 

For the open eanopy crops — such as onions, immature cantaloupe, and com 
and sorghum planted to low plant populations — the "open" canopies were 
considered solid, and the ^ove formula was used to determine the percent 
cover. Then a subjective estimate was made of the percent open spaces in 
the leaf canopy by looking dovmward on them and this percentage was svib“ 
tracted from the estimate calculated by the formula to obtain an estimate 
of actual cover. 

The computer compatible digital tapes (CGT) from the National Data Pro- 
ducts Facility (NDPF) were displayed on a cathode ray tube (CRT), and a 
coordinate system was overlain to aid in locating the fields of interest 
in the CGT, The digital data corresponding to the approKimate coordi- 
nates of the fields and sample segiraents of interest were transferred to a 
secondary tape. These data were displayed as gray maps using a line 
printer and were intensively studied to establish field locations and 
field boundaries. The digital counts for the pijcels, or instantaneous 
ground resolution elements, within the test fields were averaged for 
each MSS band. 

The space data were used as (a) digital counts, (b) radiance 
(mw/cm^-sr-pm) using the conversion factors provided by Potter (1972), or 
(c) pseudo-reflectance by ratioing the CGT digital counts by th'i maximum 
possible count (127 for bands 4, 5, and 6 and 63 for band 7). 


RESULTS 

Due to excessive clouds , data are available for only three BRTS-1 passes , 
Dec. 16, 1972, Jan. 21, 1973, and May 27, 1973, corresponding to scene 
I.D- 1146-16323, 1182-16322, and 1308-16323, respectively. The May 27 
scene is the only one for which LAI data are available; ERTS band 7 data 
for this scene delivered to date have a 'Venetian blind" effect in them 
and are not useable. The NDPF is redigitizing this scene. 

Figures 3a and 3b present the relation between LAI and band 6 digital 
counts , the band 6 minus band 5 digital count difference , and the ratio of 
digital counts in bands 5 and 6 (5/6) separately for the combined grain 
sorghum and corn fields and for the cotton fields. LAI of sorghum and 
corn account for 67.7% of the variation in band 6 digital count, 59% of 
the variation in the 6-5 difference, and 45.2% of the variation in the 
band 5/6 ratio. Thus band 6 alone is superior to the difference, and to 
the ratio of visible-to-infrared response. 


For the cotton fields, a quadratic equation was used to fit the band 6, 
and the band 6 minus band S optical count difference but a linear equation 
was fitted to the 5/6 ratio data* LAI explains 83%, 90%, and 78% of the 
variation in digital counts using band 6, 6-5, and S/6, respectively. 

For cotton, then, the band 6 minus band 5 digital counts v>?ere the best 
indicator of vegetation density. 

The sorghum and corn plants averaged 94 cm high and v?ere approaching full 
canopy development, whereas the cotton plants averaged only 37 cm in height 
and were at or very near first bloom stage of development. The plants 
also differ considerably in growth habit or architecture. Com and grain 
sorghum display their long curved leaves in umbrella fashion, whereas 
cotton plants are conical and their leaves are heliotropic. Such charac- 
teristic differences help to discriminate among crops and plant communities 
spectrally and must contribute useful information for texture analyses. 

They also suggest that crops or plant communities typical of a given 
locale or region might be spectrally "calibrated** against the ERTS-1 data 
one or more times during the year; identifications in subsequent years 
would be based on the calibration so that extensive ground truth would 
be unnecessary. 

Most investigators use the ERTS-1 MSS digital counts as provided by the 
NDPF system-corrected CCT, Table 1 presents the linear and quadratic 
equations for the regression of CCT digital counts (DC) on LAI, For cot- 
ton, the quadratic equation explained a statistically significant amount 
of variance over the linear equation, but it did not for sorghum. The 
equations for band 6 are repeated from Figs. 3a and 3b but the equations 
for bands 4 and 5 are presented anew. 

The sorghum and corn plants obscured the soil so the correlation in the 
visible, where responses are due mainly to soil, are poor. For the cotton, 
both the exposed soil and the vegetation yielded an appreciable signal so 
that correlation coefficients in both the visible and infrared are signif- 
icant at 0.01 probability level. The improvement in fit for cotton using 
a quadratic expression is appreciable, and suggests that a more compli- 
cated physical model is required when plant cover is incomplete. Three 
considerations are sun angle as it affects the length of shadows cast by 
the plants, row direction, and row spacing. 

LAI is only one measure that agriculturalists use to indicate vegetation 
density. The simple correlations between LAI and plant population (POP; 
plants per 40 meters of row) , percent ground cover (PC) , emd plant height 
(PH) are given in table 2 as well as the multiple regression equations 
expressing LAI as a function of the other plant parameters. LAI of cotton 
is most highly correlated with PH (0.783) and least correlated with plant 
population (0.382), Wi.ereas LAI of sorghum and corn is most highly corre- 
lated with plant population (0.829) and least correlated with PH (0.165). 
These data seem to indicate that different plant parameters are needed to 
characterise different crops. 


1+2 


Any useful plant and soil parameters for characterising crop# range, and 
forest scenes must necessarily account for most of the variation in the 
HSS data. Table 3 sutranarizes regression equations produced relating the 
GCT digital counts to the vegetation ground truths; LAI, plant population 
(POP), plant cover (PC), and plant height (PH). 

As expected, the plant parameters explain more of the variation in digital 
counts in the reflective infrared than in the visible. The regression 
coefficient for the population term was zero for sorghum and corn in 
bands 4 and 5, causing this variable to be dropped from the estimating 
equation. Evidently the high correlation (r ~ 0.829) between LAI and POP 
showi in table 2 caused plant population to contribute nothing to the 
estimation of the digital counts that was not explained by LAI. This 
finding has practical consequences. Plant population is easy to determine 
by counting stalks at a number of locations in fields, or it can be esti~ 
mated from the amount of seed planted per hectare. Determination of LAI, 
on the other hand, is laborious and the plants are destroyed in the pro- 
cess. Thus if plant population suffices to characterize corn and sorghum 
fields in terms of LAI and ERTS-1 radiances, verifying ground truth is 
easy to obtain. Of course, the plant population remains constant once 
a crop stand is established. The plants would grow and the radiances mea- 
sured by satellite would change from one satellite pass to another as the 
plants develop. Hcwever, the radiances for a given set of fields would 
remain in the same relative position to each other as the plant populations 
do. Thus one population count should be good for a whole growing season 
(several ERTS passes). 

If there is a good relation between plant population or ERTS radiances and 
yields, a procedure is suggested for determining the optimum population on 
a regional basis. Then one can work to get the optimum population widely 
adopted by growers. 

As shoTO in table 2, PH for cotton was highly correlated with LAI. 
Coefficients for the linear correlation of LAI and PH with DC calculated 
in arriving at the equations of table 3 were: 





Band 4 

Band 5 

Band 6 

DC 

vs 

LAI 

“.726** 

= - r = “ 
-.855** 

t. 823»W« 

DC 

vs 

PH 

-.769** 

-.825** 

■f.925** 


The similarity among correlation coefficients for the correlation of LAI 
and PH with DC in all bands and the very high coefficient for the correla- 
tion of DC with PH in band 6, suggest the possibility that PH can substi- 
tute for LAI at least during the prebloom and early fruit set periods of 
development of this crop. 
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The 93.4% and 87.3% (R^ x 100) of the variation in digital counts explained 
in band 8 for cotton and the cojabined sorghum and com, respectively, by 
the plarit parameters used to characterize the crops indicate that 
(a) charadt eristics of the vegetation are mainly responsible for the 
recorded ERTS-1 signals, and (b) useful plant parameters are available for 
the crops studied. 

As stated earlier, one objective of this study was to test eq. [1] for 
predicting LAI from the ERTS MSS data. Table 4 gives the optical con- 
stants a and b, defined by Gausman and Allen (1973), needed to solve 
eq. Cl], They are calculated from absolute reflectance and transmittance 
spectra obtained spectrophotometrically on leaves typical of the crops. 

The values given for "sorghum and com" are an average of values for each 
of the two crops. 

Inspection of eq. ClD shows that it is limited to conditions when the 
canopy reflectance R is larger than the soil background reflectance. 
Additionally, the last term becomes negative if 'a' gets very large. 

LAI was calculated for band 6, using the digital count observed in the I^Sa 
data divided by 127 to obtain a pseudo-reflectance of the crop, R, and the 
intercept of the pseudo-reflectance at LAI = 0 was used as the refleetanee 
of the soil background. 

The coefficients for the linear correlation of calculated LAI with manually 
measured LAI were high at 0.815^'i'*'^ for cotton and 0.872»'«'< for sorghum and 
com, respectively. However, the calculated LAI never exceeded 2.0, Thus 
the predictions of LAI from eq [1] are not satisfactory. 

The possible reasons for poor results include (a) the constants ’a' and 
*b’ are in inappropriate units for this application, (b) the pseudo- 
reflectance used is inappropriately normalized, (c) band 7 MSS data should 
be used, (d) the reflectance for soil estimated from the intercept at 
f = o is too high, (e) the theoretical requirements of the equation 
(diffuse isotropic incident radiation) are not met, and (f) the row 
pattern of crops distributes the leaves nonuniformly against the back- 
ground, Optical constants derived from laboratory data have been 
successfully applied to other field studies. 

Efforts to use eq. El] will continue because of the potential it has as a 
practical tool for deducing biomass or yield from ERTS-1 and other remotely 
measured near-infrared reflectance. 

The second model proposed, typified by eq. [3], was also applied. It 
should describe the physical events better in the visible (bands 4 and 5) 
than in the infrared; in the infrared it is too simple to describe the 
multiply-reflected light from successive leaf layers. In applying eq. [3] 
the digital counts from the ERTS-1 data, R^, are plotted against any plant 
parameter of interest such as fractional cover, LAI, or even plant height. 
Rg is the intercept on the R^ axis when fractional ground cover, LAI, or 
height of the plants of interest is zero, that is, the soil is bare. 


Table 5 gives the values of Rg, (Rc-Rg) and Rf calculated fvom eq. [3] for 
each MSS band for the three ERTS-l scenes vje have data from. For the 
May 27 pass , the calculated Rf value is given as a function of LAI , but for 
the other two dates as a function of percent ground cover. The calculated 
RT values increase from the Rc value in the infrared bands as vegetation 
density increases from LAI = Ij but decrease in the visible with increasing 
LAI above 1, Even though LAI for the cotton plots ranged up to 3.0» the 
ground cover was only 18 to 40%j consequently considerable soil reflec- 
tance should be recorded in the ERTS signals. The measured LAI ranged up 
to 8.5 in the sorghum and corn fields, but the ground cover recorded ranged 
from 35 to 90%. Consequently some soil (or shadow) signals were included 
even for fields with high LAI, 

The January 21, 1973, data represent 26 vegetable fields as follows; 
broccoli, 2| carrot, 6| cabbage, 6j onion, 8j tomato, lettuce, Ij beet, Ij 
and spinach, 1, Ground cover ranged from 2 to 90%, The Beceiiiiber 16, 1972, 
data represent 106 vegetable fields consisting of crop and number of fields, 
respectively, as follows: lettuce, 14 | pepper, 5j tomato, 11 j onion, 26 j cab- 
bage, 19 j carrot, 25 j broccoli, 5j and beet, 1. Percent ground cover of 
these fields ranged from 1 to 100%, The regression coefficient (Rc-Rg) 
is negative on all dates for the visible bands and positive for the 
reflective Infrared bands. 

The digital count values for the May 27 ERTS-1 scene are higher than for 
the other two scenes. The predoiflinant soil type for the December 16 and 
January 21 data is Harlingen clay and other heavy-textured alluvial flood 
plain soils. The May 27 data were obtained from upland soils further 
from the Rio Grande, which are as light-textured as fine sandy loam. Local 
soils are generally more reflective the coarser the texture. This, combined 
with the higher incident solar radiation in May than in DecendJer or January 
would account for the higher digital count values in the scene in Hay than 
in the winter months. The higher < Rc-Rg) values in May than the winter 
months for vegetation also agree with the larger digital counts being due 
to more incident solar radiation available for reflectance in May than in 
winter. For all scenes, the ERTS-1 MSS operated on lew gain, hence MSS 
gain is not a factor. 

In susnmary, we have shown that the ERTS-1 MSS data do relate to vegetation 
density and potential productivity and that vegetation parameters explain 
most of the variation in band 6 and 7 responses. We also presented and 
discussed two different equations for relating vegetation reflectance to 
the ERTS-1 MSS responses. Me trust that operational jnethods for assessing 
the condition and animal, carrying capacity of rangeland and the yield of 
crops using space data will incorporate procedures based on the principles 
presented. 
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Table 1. Lineai* and quadratic equation regressions of ERTS-1 HSS 
digital counts (DC) on leaf area index (MX) for bands 4, 
S, and 6j scene ID 1308-16323. 


Crop(s) 

Band 

Regression equation 

Correlation 

coefficient 

Cotton 

4 

DC = 43.8-3.5(LAI) 

r s -0.746* 



DC s 47.5-11.0(LAI)+2.S(LAI)^ 

R s 0.867** 


5 

DC = 40.0-5.0(MI) 

r “ “0,856** 



DC = 42,6-10.3(LAI)tl.8(MI)^ 

R s 0.888** 


6 

DC s 50.2+5.KLA1) 

r = 0 . 823** 



DC = 45.5+14.4(LAI)-3.1(LAI)^ 

R = 0,911** 

Sorghum S 

4 

DC s 42.9-0.9(LAI) 

r s -0.441 

Com 

5 

DC = 38.8-1. 5( MI) 

r = -0.464 


6 

DC = 44.4+2,8(LAl) 

r s 0.841** 


Wfstatistically significant at the 0,01 level, 
^'^Statistically significant at the O.OS level. 
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Table 2. 


CROP 


Cotton 


Sorghum 
£ corn 


Simple correlation coefficients among LAI and plant population 
(POP)j percent cover (PC), and plant height (PH) for cotton 
and for grain sorghum and com, and LAI expressed as a 
function of the other plant parajiieters . 


POP PC PH 

(Plants/40m of row) % (cm) 


— r - - 


LAI vs; 0.382 0.S89 0.7B3*‘'* 

LAI 5 -2.392“0.00003(POP)+0.021l(PC)t0.0829(PH) 
s 0.S28 

LAI vs: 0.829** 0.555** 0,165 

LAI = 0.234t0.0023(POP)+0.038(PC)-0.0046(PH) 

= 0.753 


**Signif leant at the 0.01 level. 


Table 3. Digital counts (DC) in ERTS-1 bands 4, 5, and 6 as estimated 
from four plant parameters » LAI> plant population (POP), 
percent ground cover (PC), and plant height (PH). 


Crop 

Band 

Regression Equation 


Cotton 

4 

DC s 47.51-2.215(MI)“.006(P0P)+.369(PG)-.367(PH) 

,899if<* 


5 

DC = 48.40-3.270(MI)-.009(POP)+.006(FC)“.175(PH) 

,853^’“^ 


6 

DC s 31.09tl.243(LAl)t.005(POP)+.236(PC)+.39l(PH) 

,934>^»'» 

Sorghum 

4 

DC s 53.38“.600(LAI)-.034(PC)“.098(PH) 


£ corn 

5 

DC = 56,11“1,049(LAI)~.023(PC)“.192(PH) 

.653W* 


6 

DC = 45.93-J-3.09(LAl)-.000Ol(POP)-.lll(PC)+.060{PH) 

.873»'J* 


»'^'l’*Significant at the 0,01 level. 
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Table 4. Optical constants a and b cotton, sorghuia, and com needed 
to solve eq. [1] ovej? the ERTS-1 MSS wavelengths. Eq, Cl] 
applies best to the reflective infrared wavelength interval 
0.75 to 1.35 pim. 


Wavelength 

Cotton 


Sorghum and Cox'n 

yni 

a 

b 

a 

b 

. 50 

10.1149 

12.4133 

7.2990 

28.2740 

,55 

8.3252 

7.5888 

5.9500 

11.1809 

.60 

12.4055 

14.4815 

7,9804 

34,5618 

.65 

13.0149 

24.0333 

9.8553 

235.3162 

.70 

3,1282 

2,9818 

3.5587 

3.9962 

.75 

1.4551 

1.4357 

1.4636 

1.4417 

.30 

1.3295 

1.3161 

1.3193 

1.2968 

.85 

1.3X78 

1.3024 

1.2939 

1.2706 

.90 

1.3446 

1.3251 

1.2914 

1.2659 

.95 

1.4000 

1.3736 

1.3422 

1.3082 

1.00 

1.3546 

1.3318 

1.3013 

1.2704 

1.05 

1.3015 

1,2825 

1,2483 

1.2224 

1.10 

1.3462 

1.3226 

1.2702 

1.2408 

1,15 

1.5294 

1.4858 

1.4426 

1.3885 

1.20 

1.5337 

1.4875 

1.4426 

1.3862 

1.25 

1.5097 

1.4640 

1.4038 

1.3504 

1.30 

1.6882 

1.6114 

1,5390 

1,4596 

1.35 

2.0774 

1.9230 

1.8046 

1.6679 

1.40 

4.2764 

3.5637 

3.3571 

2.9117 



Table B, Digital eount values of Eg, Rc, asid Ry calculated uslug eq.[3] 
fos* ERTS*-! MSS bands 4, 8,6 and 7 fponi three ERTS-1 ecenea, 


ERTB Scene 










and 

Crop : 

Band 








Date 



Rg ' 

CRe-Rg] 

t 


Rfj» 

LAI 








1 

2 

4 

6 

8 




- “ — 

= - - 

Digital Counts • 

, - „ 

- » - 

1308»16323 

Cotton 

4 

43.8 

-3. S 

40.3 

36.8 

29.8 



5/27/73 


5 

40.0 

-5.0 

35.0 

30.0 

20.0 

C*«a 




6 

80.2 

t5.1 

55. 3 

00.4 

70.6 

MM 

— 


Sorghura 

4 

42.9 

-0.9 

42.0 

41.1 

39.3 

37.5 

35,7 


and 

5 

38.8 

-1.5 

37.3 

35.8 

32,8 

29,0 

26.8 


Corn 

6 

44.4 

t2.8 

47.2 

50.0 

55.6 

61.2 

66,8 




DC 

%-i 

~ 

- - (PC (%) 

= 







10 

20 

40 

60 

80 

1182-16322 

Vegetables 

4 

27.02 

-.024 

27.6 

27.3 

26,9 

26.4 

25.9 

1/21/73 

(8 crops; 

S 

25.63 

-.058 

25,0 

24.5 

23.3 

22.2 

21.0 


2B fields) 

6 

20.69 

•{•.ISO 

22.5 

24.3 

27.9 

31.5 

35,1 



7 

26.59 

t.l87 

28.5 

30.3 

34.1 

37.8 

41.5 

1146-16323 

Vegetables 

4 

31.35 

-.037 

31,0 

30.6 

29.9 

29,1 

28.4 

12/16/72 

(8 crops; 

5 

28.60 

-.065 

27.9 

27.3 

26.0 

24,7 

23.4 


106 fields) 

6 

29.91 t.063 

30.5 

31.2 

32.4 

33,7 

35,0 



7 

28.65 

+ .108 

29.7 

30.8 

33.0 

35.1 

37.3 


Reflectoncft/Tronsmittance (%) 
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LEAF AREA INDEX 


Fig, 3a, CoriibiDations of CCT digital counts (band G)s digital count 
differences (band 6 minus band 5)j and digital count ratios 
(band 5 /band 6) for sorghum and corn coiiibined into one crop 
type and for cotton versus LAI. 
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LEAF AREA INDEX 


Fig, 3b. MI of 10 cotton fields vej?sus band 6 digital counts and band 
6 minus band 5 count dif f eE*ences , In the regression equations 
Y symbolizes digital counts and X symbolizes LAI, k 100 is 
the percent of variation attributable to the relation between 
LAI and digital counts. 
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Comprehensive Summary 

LAND USE CLASSIFICATION AND GROUND TRUTH CORRELATIONS FROM 
SINUuTANEOUSLY ACQUIRED AIRCRAFT AND ERTS-1 NSS DATA^ 

A, J. Richardson, M, R. Gautreaux, R. J. Torline, 
and C. L, Wiegand^ 

INTRODUCTION 

Data simultaneously collected by the NASA 24“Channel multispectral 
scanner (MSS) on board the NASA NC130B aircraft (flown at 10,000 feet 
altitude) and by the first Earth Resource Technology Satellite (ERTS-1) 
on January 21, 1973 were compared in an area where detailed ground truth 
was available. Specific objectives were to; (1) determine the optimum 
MSS channels for both aircraft and spacecraft data for agricultural land 
use discrimination, ( 2 ) determine the degree of correlation between air- 
craft and spacecraft MSS sensor signals for a set of common agricultural 
fields, and (3) measure the recognition performance of aircraft and space- 
craft data for a common set of agricultural fields. 

PROCEDURES 

All four of the spacecraft channels and 10 airct^aft channels were used 
for this study, AH aircraft and spacecraft MSS resolutior elements were 
collected from a flight line covering 94- agricultural fields (15 out of 
197 sample segments in Hidalgo County 3 Texas). Seven of these fields and 
a portion of the Rio Grande were used to determine classification training 
statistics. All 94 fields were used as test fields to evaluate classifi- 
cation accuracy. Recognition accuracies for both aircraft and spacecraft 
data were determined on per pixel and per field bases. 

The MSS data within each field were averaged for each of the 10 air- 
craft channels, and each of the four spacecraft channels. These averages 
were used to study the relation among the aircraft, spacecraft, and 
ground truth data. 


RESULTS 

Channel 3 yielded the highest recognition results (71.4%) using the 
aircraft training data, and channel 7 yielded the highest recognition 


Contribution from the Soil and Water Conservation Research, Southern 
Region, Agricultural Research Service, USDA, Weslaco, Texas, This 
study was supported in part by the National Aeronautics and Space 
Administration under Contract No. S-70251-AG. 

Physicist, Computer Programmer, Computer Specialist, and Soil 
Scientist, respectively, USDA, Weslaco, Texas 78596. 
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results (87,9%) using the spacecraft training data. The overall recog- 
nition results for the aircraft training data reached the point of 
diminishing returns (9’^,1%) for channels in excess of the best three (3j 
8, and 5j 0.466-0.495 y, 0.770-0.810 W, and 0.588-0.643 y). The best three 
ERTS channels (4, 7, 5j 0.5-0, 6 y, 0. 8-1,1 y, and 0.6-0. 7 y) yielded 95. 3^ 
overall correct recognition for the spacecraft training data. Channel 6 
for the spacecraft MSS data was bad every sixth scan line and was not 
used for this study. 

The 94 fields studied totalled 2,244 acres, and consisted of 177,414 
aircraft pixels (0.0127 acre/pixel), and 1,942 spacecraft pixels (1.155 
acres/pixel). Classification categories were; vegetables; imiiature 
crops and mixed shrubs; and bare soil. On a per pixel basis, recognition 
for vegetables was 40.6 and 40.4% for aircraft and spacecraft data, 
respectively. Recognition results for bare soil was 77,9 and 77.0% for 
aircraft and spacecraft data, respectively. The recognition of the 
immature crop and mixed shrub category was 53,5 and 28.8% for aircraft 
and spacecraft, respectively. The low recognition in the last category 
was expected because of the great variability within this spectral classi- 
fication category; it consisted of vegetable crops that were young and had 
low percentage ground cover, low density .nixed shurbs, and a few weedy 
fallow fields. Overall recognition results were 64.5 and 59.6% for air- 
craft and spacecraft, respectively. 

The per field recognition results indicated an even closer association 
between the aircraft and spacecraft Mss data. The 28 vegetable fields 
were discriminated almost exactly the saine (50,0% recognition for aircraft 
and spacecraft data); the nurabex’ of vegetable fields classified into each 
category was 14, 4, and 10 for the aircraft data, and 14, 5, and 9 for the 
spacecraft data, respectively. The discrimination results for aircraft 
and spacecraft field classifications did not correspond as closely for the 
other two categories, but the overall recognition results did at 61.8 and 
62.8%, respectively. 

Aircraft channels 8 and 9 (0.770-0.880 y) had the highest simple corre- 
lation coefficients (0,704*^'f and 0.695*'**, respectively) with spacecraft 
channel 7 (0.80-1.10 y) ; they cover similar spectral intervals. Aircraft 
channel 5 (0,588-0.643 y) had the second highest simple correlation (0,477 
and 0.517)** with spacecraft channels 4 (O.SO-0.60 y) and 5 (0,60-0.70 y); 
they cover similar spectral intervals. Spacecraft channel ,6 for these 
data had defective data every sixth scan line and correlation coefficients 
with aircraft channels were generally lov;er than with the other three- 
spacecraft channels. " '■* -s -U 

The multiple correlation coefficients of spacecra^li chapnels 4,-,/ 5, 5 ' ' ' 
and 7 with all aircraft channels were high (0.7B2**, W'S47**,''‘"an,dv:0.^^;27'**^ 
respectively), 


